Introduction {#S1}
============

The world population is aging. Aging is a major risk factor for cardiovascular diseases such as hypertension, atherosclerosis and heart failure, due mainly to the increase in allostatic load and subsequent pro-inflammatory processes within the cardiovascular system \[[@R1], [@R2]\]. Allostatic load represents the consequence of cumulative exposure to physiologic, socioeconomic and psychological stressors across the life span, resulting in heightened neuroendocrine and neural responses, including increase in sympathetic nerve activity, which ultimately have detrimental effects \[[@R1], [@R2]\]. Augmented angiotensin II (Ang II) signaling appears to be especially important and interestingly, blockade of Ang II signaling alleviates allostatic load and ameliorates inflammatory stress and the incidence of cardiovascular disease in animal models \[[@R3], [@R4]\].

The steep rise in the incidence of hypertension, atherosclerosis, and chronic heart failure with advancing age is related at least in part to a continuum of adverse structural remodeling and functional changes in the cardiovascular system \[[@R4]\]. These include an increase in stiffening of the heart and vessels, reduced coronary and peripheral blood flow reserve, blood pressure lability, endothelial dysfunction, cardiac hypertrophy, and suboptimal mechanical coupling between the left ventricle and the arterial system (ventricular-arterial coupling) \[[@R5]--[@R8]\]. These functional and structural changes are the result of a cellular and extracellular pro-inflammatory phenotypic shift in both the heart and large arteries \[[@R4], [@R9]\], which lowers the threshold for pathologic stimuli and increases the propensity for cardiovascular disease ([Figure 1](#F1){ref-type="fig"}) \[[@R4], [@R7], [@R8]\]. Thus, targeting age-associated pro-inflammatory signaling may be an evidence-based approach to tackle the epidemic of cardiovascular disease in the elderly.

The cardiovascular functional phenotype with advancing age {#S2}
==========================================================

Adverse remodeling with aging contributes to a constellation of the related signs of a cardiovascular silent syndrome which occurs in the aging population, including increased systolic blood pressure (SBP), increased pulse wave velocity (PWV), endothelial dysfunction, and cardiac diastolic dysfunction \[[@R4]\]. Cross-sectional measures of SBP show a continuous rise until the eighth or ninth decade, whereas diastolic blood pressure (DBP) increases until the fifth decade, after which it plateaus or decreases \[[@R10]\]. Consequently, pulse pressure continually increases while mean arterial pressure initially increases and ultimately levels off with advancing age \[[@R10]\]. The increase in SBP with increasing age is accompanied by an increase in longitudinal PWV \[[@R10], [@R11]\]. Carotid-femoral PWV has emerged as a "gold-standard" for the non-invasive measurement of large arterial stiffness. With aging, the left ventricular (LV) wall becomes stiffened with a decrease in compliance; these changes result in significant diastolic LV dysfunction comprising a prolongation of isovolumic relaxation time, and increase in LV end-diastolic pressure and an enlargement of the left atrium but generally no decline in systolic function as assessed by ejection fraction (EF)\[[@R5]--[@R9], [@R12], [@R13]\].

As well as the stiffening of the heart and the arterial system, the mechanical coupling between the left ventricle and the systemic circulation typically becomes impaired \[[@R5]--[@R8], [@R13]\]. Ventricular-arterial coupling is quantified by the ratio of E(a)/E(lv), an index of the ratio of effective arterial elastance (the net arterial load exerted on the left ventricle) to left ventricle end-systolic elastance (a load--independent measure of left ventricle chamber performance) \[[@R5]--[@R8], [@R13]\]. The ventricular-arterial coupling is a central determinant of cardiovascular mechanical performance and cardiac energetics, and suboptimal ventricular-arterial coupling is a major contributor to cardiovascular dysfunction with aging (systolic hypertension and ventricular diastolic dysfunction) \[[@R5]--[@R8], [@R13]\]. Abnormal ventricular-arterial coupling also greatly increase the propensity to develop cardiovascular morbidities such as heart failure and stroke under pathological stimuli such as ischemia, known as de-coupling diseases ([Figure 1](#F1){ref-type="fig"}) \[[@R7], [@R8]\].

Proinflammatory signaling in the cardiovascular system with aging {#S3}
=================================================================

A growing body of evidence indicates that proinflammatory signaling is a key factor driving remodeling in both the heart and large arteries with advancing age. Allostatic--associated proinflammatory signaling molecules, in particular Ang II, are upregulated whereas anti-inflammatory molecules are down-regulated in both the heart and large arteries ([Figure 2](#F2){ref-type="fig"}). In aging-associated proinflammation, aged cardiovascular cells (including endothelial cells, smooth muscle cells and fibroblasts) under stimulation by factors such as Ang II play a key role as opposed to conventional immunological cells such as leukocytes per se \[[@R4], [@R10]\]. Broadly similar inflammatory and cellular phenotypic changes occur in the heart and the arterial system and from a histologic and conceptual point of view, the heart could be regarded as "a specialized artery" within a closed system. Ang II-associated proinflammatory responses in the myocardium and arterial wall with advancing age appear to be a key molecular mechanism underlying the age-associated cardiovascular cellular phenotypic shift and consequent abnormal ventricular-arterial coupling \[[@R4], [@R9], [@R10], [@R13]\]. Indeed, preliminary studies indicate that blockade of Ang II signaling with angiotensin converting enzyme inhibitors or angiotensin II receptor antagonists improves ventricular-arterial coupling and clinical signs of heart failure\[[@R9]\]. These findings from intervention studies support the concept that aging-associated proinflammation is a fundamental molecular mechanism underlying suboptimal ventricular-arterial coupling and cardiovascular dysfunction.

In the next sections, we review some of the key signaling pathways that are involved in proinflammatory signaling with cardiovascular aging, with a particular focus on Ang II, and also consider the impact on cellular phenotype.

Renin angiotensin system {#S4}
========================

Components of the renin angiotensin aldosterone system (RAAS) are key elements contributing to aging-associated proinflammation.

In large arteries {#S5}
-----------------

The transcription, translation and activity of angiotensin converting enzyme-1 (ACE-1) markedly increase within the aged arterial wall in rodents, nonhuman primates and humans \[[@R14]--[@R16]\]. An alternative angiotensin convertase, chymase, also increases within the arterial wall with aging \[[@R16]\]. As expected, levels of the cleavage product, Ang II protein, become markedly increased in rats, nonhuman primates and humans \[[@R15]--[@R19]\]. The Ang II AT1 receptor is up-regulated within the old arterial wall \[[@R15]\]. Expression of the mineralocorticoid receptor (MR), a putative receptor of the Ang II downstream target aldosterone (Aldo), is also increased in the aged arterial wall \[[@R20], [@R21]\]. Aging increases the sensitivity of MR to Aldo, promoting a proinflammatory phenotype \[[@R20]\]. Thus, the activation of the RAAS contributes to proinflammatory remodeling within the arterial wall with aging. Indeed, a chronic administration of Ang II to young rats via minipump produces age-associated arterial remodeling such as wall thickening, fibrosis, and inflammation \[[@R17]\]. Conversely, chronic ACE-1 inhibition or AT1 receptor blockade markedly inhibits the expression of proinflammatory molecules and delays the progression of age-associated aortic remodeling \[[@R14], [@R22]\]. Furthermore, long-term AT1 blockade improves endothelial function and doubles the lifespan of hypertensive rats, rendering them similar to normotensives \[[@R23]\]. Disruption of the AT1 receptor also retards arterial inflammation and promotes longevity \[[@R24]\].

In the heart {#S6}
------------

Increased activation of the RAAS cascade is also a prominent feature of age-related cardiac remodeling \[[@R25], [@R26]\]. Levels of angiotensinogen, ACE-1, AT1, and Aldo are markedly increased in the myocardium in rats with aging \[[@R21]\]. The expression of AT2 receptors is also up-regulated in aging hearts. Notably, AT2 signaling inhibits the signal transduction of AT1 in rat hearts with ageing \[[@R27]\]. Importantly, an infusion of Ang II to young rats generates age-associated cardiac remodeling such as myocyte hypertrophy, fibrosis, and up-regulation of AT1, Aldo, and transforming growth factor beta 1 (TGF-β1)\[[@R21]\]. Further study shows that the down-regulation of the anti-senescence marker protein 30 (SMP30) markedly increases Ang II production from cardiac myocytes \[[@R26]\]; and exacerbates Ang II-induced cardiac hypertrophy, dysfunction and remodeling, and deregulates coronary vascular tone via AT1 signaling with aging \[[@R25]\]. In addition, angiotensin converting enzyme 2 (ACE2) and its product Ang 1--7 function as negative regulators of RAAS signaling with aging. Indeed, ACE2 (−/y) mutant mice develop a progressive age-dependent inflammatory cardiac remodeling via Ang II signalling \[[@R28]\]. The AT1 blocker irbesartan completely prevents adverse remodeling, further confirming a critical role of Ang II-mediated stimulation of AT1 receptors with aging \[[@R28]\]. Thus, a shift in the balance of RAAS towards the ACE2/Ang-(1--7)/Mas receptor axis protects heart function, retards aging-associated proinflammatory remodeling, and prevents the incidence of cardiovascular diseases displayed by this animal model of longevity \[[@R29]\]. In addition, mice received the ACE inhibitor enalapril in their drinking water after weaning significantly resist the age-associated increases in cardiomyocyte apoptosis, mitochondrial reactive oxygen species (ROS), and collagen deposition \[[@R30], [@R31]\].

These findings suggest that Ang II signaling increases in both the heart and the arteries drives proinflammation and ventricular-arterial remodeling with aging. Thus, control of Ang II signaling may be an important strategy to maintain cardiovascular health with aging.

Reactive oxygen/nitrogen species and nitric oxide signaling {#S7}
===========================================================

The nicotinamide adenine dinucleotide phosphate (NADPH) oxidase family of proteins (or Nox proteins) are activated and/or upregulated by Ang II signaling in the cardiovascular system with aging \[[@R32]\]. Of the 4 Nox family isoforms that are expressed in the cardiovascular system, Nox1, Nox2 and Nox5 are activated by Ang II and generate the reactive oxygen species (ROS), superoxide and hydrogen peroxide while Nox4 abundance is increased by Ang II. Nox-derived ROS can induce further ROS production by other cellular sources such as mitochondria, as well as have direct effects on intracellular signaling pathways. Superoxide generated by Nox proteins may react in a diffusion-limited manner with the intracellular and intercellular messenger nitric oxide (NO), resulting in loss of physiological NO activities (such as vasodilatation) as well as the formation of peroxynitrite (ONOO-), a powerful reactive nitrogen species (RNS). The latter species may have powerful oxidant activity and alter signaling pathways that play an important role in age-associated cardiovascular remodeling ([Figure 2](#F2){ref-type="fig"}). Furthermore, Nox-derived ROS may also contribute to the uncoupling of NO synthase enzymes so that they generate superoxide instead of NO.

In the large arteries {#S8}
---------------------

Aging is associated with a significant imbalance between ROS production on the one hand and antioxidant activities and NO bioactivity on the other. The Nox2 membrane-bound components p22 phox and gp91 phox are increased within the aortae of old vs young rats \[[@R33]\]. Furthermore, arterial wall VSMC cytosolic p47phox (a regulatory subunit for Nox1/2 activity) also increases with aging \[[@R34], [@R35]\]. In contrast, anti-oxidant Cu/Zn SOD (SOD1), MnSOD (SOD2) and extracellular matrix superoxide dismutase (ECM-SOD/SOD3) levels are reduced in arterial walls of aged vs young rats \[[@R36]--[@R39]\]. Indeed, an imbalance of oxidases and dismutases with aging has been observed in the arterial wall of rats, resulting in increased in *situ* ROS levels \[[@R40]--[@R43]\]. For example, MnSOD deficiency produces an exaggerated remodeled arterial wall with aging due to increased ROS production \[[@R38]\]. Habitual exercise and antioxidant agents effectively retard arterial aging via attenuation of ROS production \[[@R36], [@R39], [@R44], [@R45]\].

Vascular endothelial cell NO synthase (eNOS) is the main source of NO in the arterial wall and endothelial production of NO is reduced with increasing age \[[@R37], [@R46]--[@R48]\]. Inflammed vessels express a different NOS isoform, inducible NOS (iNOS), which is prone to uncoupling and generation of peroxynitrite \[[@R49], [@R50]\]. Age-associated endothelial dysfunction of the aorta has been observed in senescence-accelerated mice, which is causally linked to downregulation of eNOS \[[@R46]\]. Augmented release of ROS and subsequent inactivation of NO is an important mechanism leading to the age-associated decline of endothelium-dependent vasorelaxation, and to vessel stiffening and inflammation \[[@R40], [@R51], [@R52]\] .

In the heart {#S9}
------------

Both ROS and RNS are known to play vital roles in aging-related myocardial dysfunction \[[@R53]\]. The mitochondrial electron transport chain is a major source of ROS during aging. In addition, increased expression of Nox2 NADPH oxidase contributes to ROS formation \[[@R54]\]. Indeed, myocardial Nox2 mRNA and protein expression are markedly increased in rats with aging \[[@R21]\]. Increased levels of Nox2 protein, predominantly located in the cardiomyocytes , are significantly associated with heart dysfunction \[[@R54]\]. Conversely, loss of Nox2 reduces age-associated oxidative stress in the myocardium and protects against the progression to advanced heart dysfunction with aging \[[@R55]\]. Furthermore, levels of myocardial Rac1, an important activator of Nox2 oxidase are substantially increased within hypertrophied cardiomyocytes in aged rats \[[@R54]\]. As expected, in a mouse model, overexpression of Rac1 proteins increasingly produces cardiomyocyte hypertrophy with aging \[[@R56]\]. In addition, MnSOD overexpression reduces fibrosis and pro-apoptotic signaling in the aging mouse heart \[[@R57]\]. Conversely, eNOS knockout mice have a markedly shortened lifespan, heart hypertrophy and cardiomyocyte apoptosis \[[@R58]\].

The RNS marker nitrotyrosine increases in myocardial tissue from young to middle-aged. Notably, increased thioredoxin reductase nitration and post-translational ONOO(-) nitration enhance aging-related myocardial ischemia/reperfusion injury in rats \[[@R59]\].

Taken together, the above findings suggest that ROS and RNS levels increase in both the heart and arteries, simultaneously driving proinflammation and ventricular-arterial remodeling with aging. Thus, attenuation of these radical species may be beneficial in cardiovascular aging.

Matrix metalloproteinases {#S10}
=========================

An important component of age-associated cardiovascular remodeling is the degradation and resynthesis of the ECM, which is mediated by matrix metalloproteinases (MMPs) ([Figure 2](#F2){ref-type="fig"}). Ang II signaling potently activates MMPs \[[@R17], [@R60]\].

In large arteries {#S11}
-----------------

MMP-2 mRNA and protein increase in the aortic walls of aged rodents, non-human primates and humans \[[@R15], [@R17], [@R61]--[@R64]\]. The increased MMP-2 activity in rodents and monkeys *in situ* is mainly localized within the thickened intima and the inner media \[[@R16], [@R65]\]. Enhanced MMP-2/9 activity is also observed in older aortae at human autopsy \[[@R15]\]. An increase of MMP-2/9 activity is attributable not only to an enhanced transcription and translation but also an imbalance of its activators, membrane-type1 matrix metalloproteinase (MT1-MMP), urokinase-like plasminogen activator (uPA), tissue plasminogen activator (tPA) and inhibitors, tissue inhibitor of MMP-2 (TIMP-2) and plasminogen activation inhibitor (PAI-1) \[[@R16], [@R65]\]. Chronic administration of a broad spectrum MMP inhibitor, PD166739, markedly blunts the age-associated increases in aortic gelatinase and interstitial collagenase activity, and reduces the elastin fiber degeneration, collagen deposition, monocyte chemo-attractant protein-1 (MCP-1) expression, TGF-β1 activation, and SMAD-2/3 phosphorylation in FBN rats \[[@R60]\]. These findings suggest that MMPs play an etiologic role in the process of arterial aging.

In the heart {#S12}
------------

The expression of both MMP-2 and MT1-MMP mRNA and protein are increased in the intima and media of epicardial coronary arteries with aging \[[@R21]\]. These changes in MMP/TIMP expression are accompanied by an increase in MMP gelatinolytic activity in the intima and media of epicardial coronary arteries with aging \[[@R21]\]. In addition, MMP-3, MMP-8, MMP-9, MMP-12, and MMP-14 are increased in the myocardium of old mice \[[@R66]\]. Cardiac-restricted MT1-MMP expression in mice using the full-length human MT1-MMP gene ligated to the myosin heavy chain promoter yields approximately a 200% increase in myocardial MT1-MMP, and increases myocardial MMP-2/-9 expression, and causes left ventricular remodeling, myocardial fibrosis, dysfunction, and reduces survival after myocardial injury with aging \[[@R67]\]. Expression of cardiac-restricted EMMPRIN, an MT1-MMP inducer, in mice using the full-length human EMMPRIN gene ligated to the myosin heavy chain promoter yields approximately a twofold increase in EMMPRIN and causes increased levels of both MT-MMPs and MMP-9, and myocardial fibrosis with aging \[[@R68]\]. Importantly, MMP-9 deletion attenuates the age-related decline in diastolic function, in part by reducing TGF-β1 signaling-induced periostin (OSF2) and connective tissue growth factor (CTGF) expression to regulate myocardial collagen turnover and deposition \[[@R12]\]. Unexpectedly, MMP-28 deletion further elevates inflammation and extracellular matrix responses, without altering macrophage numbers or collagen content with aging \[[@R69]\].

These experimental studies reveal that the ECM and its turnover are important determinants of cardiovascular aging. Therefore, regulation of MMP activity may be important in maintaining cardiovascular integrity and health with aging.

Transforming growth factor-β1 {#S13}
=============================

The activation of TGF-β1, a powerful pro-fibrogenic cytokine and downstream mediator of Ang II signaling, plays a central role in ECM remodeling with aging ([Figure 2](#F2){ref-type="fig"}) \[[@R17]\].

In large arteries {#S14}
-----------------

TGF-β1 mRNA and protein are abundantly present in the aged arterial wall \[[@R17], [@R64]\]. Co-expression of both TGF-β1 and TGF beta type II receptor (TβIIR) protein increases in rat aortae at 30 versus 8 months of age \[[@R64]\]. TGF-β1 plays a dominant role in arterial fibrosis \[[@R17], [@R21], [@R63], [@R64]\]. TGF-β1 expression is temporally and spatially associated with collagen expression and local fibrosis in the aging arterial wall \[[@R17], [@R65]\]. In vitro studies show that ECs and VSMCs treated with TGF-β1 increase collagen type I and III mRNA, and this is attenuated by a TβIIR blocker \[[@R70], [@R71]\]. Furthermore, the increased MMP-2 co-localizes with TGF-β1, suggesting that an interaction may exist between MMP-2 activation and TGF-β1 activity \[[@R63]\]. Indeed, active TGF-β1, its receptor, and receptor-mediated signaling increase within the aortic wall with aging, which is dependent, at least in part, on a concomitant age-associated increase in MMP-2 activity \[[@R64]\]. Impressively, blockade of both TGF-β1 and MMP retard and prevent age-associated collagen deposition and arterial stiffening \[[@R60], [@R72]\].

In the heart {#S15}
------------

Aging increases TGF-β1 expression, predominantly in the interstitial space and perivascular region, which plays a key role in the synthesis and secretion of collagen from cardiac fibroblasts \[[@R21], [@R73]\]. Blockade of TGF-β1 signaling markedly decreases the proliferation of cardiac myofibroblats, collagen deposition and myocardial wall stiffening \[[@R74]\]. Interestingly, a member of the TGF-β superfamily of ligands, growth differentiation factor 11 (GDF-11), is able to bind activin receptor type I and II and cause nuclear gene expression reprogramming of cardiomyocyte aging \[[@R75]\]. Recombinant GDF-11 via intravenous administration into old mice reduces heart weight and cardiomyocyte size \[[@R75]\].

These findings suggest that the TGF superfamily plays multiple roles in cardiovascular aging, in particular, ECM deposition and stiffening. Thus, modulation of TGF signaling is a prime approach to de-stiffen the aging cardiovascular system.

Monocyte chemoattractant protein-1 {#S16}
==================================

MCP-1 is a potent inflammatory cytokine downstream of Ang II signaling in the cardiovascular system ([Figure 2](#F2){ref-type="fig"}).

In large arteries {#S17}
-----------------

MCP-1 mRNA increases within the aortic wall in FXBN rats with aging \[[@R76]\]. The increased MCP-1 protein is predominantly localized in the thickened intima \[[@R76]\]. MCP-1 dimerization is necessary for its activity \[[@R77]\], and in the aged arterial wall MCP-1 forms dimers with high local concentration \[[@R18]\]. MCP-1 increases the activation of TGF-β1 and MMP-2, and is a potent chemoattractant for VSMC invasion/migration with aging \[[@R63]\]. Knockdown of MCP-1 significantly retards activation of MMP-2, and plaque size while increasing the stability of plaques in the ApoE deficiency mice with advanced age \[[@R78], [@R79]\].

In the heart {#S18}
------------

Myocardial MCP-1 is markedly increased with advancing age \[[@R74]\]. Interestingly, increased MCP-1 expression in cardiomyocytes promotes hypertrophy and senescence/apoptosis. Increased MCP-1 expression in fibroblasts promotes the migration of monocytes and T lymphocytes away from the endothelial barrier, facilitating the monocyte transition into macrophages and finally into myeloid fibroblasts \[[@R80]\]. Both myeloid and mesenchymal fibroblasts contribute to fibrosis in the aging heart via collagen synthesis \[[@R80]\]. MCP-1 knockout decreases the apoptosis of cardiomyocytes, inhibits the inflammatory response, and shortens the healing process of myocardial infarction in mice \[[@R81]\].

These findings show that MCP-1 is increased in both heart and large arteries in the absence of infection, further confirming that a low grade sterile inflammation occurs with aging.

Milk fat globule EGF-8 and integrins {#S19}
====================================

Milk fat globule EGF-8 (MFG-E8) is another downstream molecule of Ang II signaling in the cardiovascular system, which interacts with integrins ([Figure 2](#F2){ref-type="fig"}) \[[@R18]\].

In large arteries {#S20}
-----------------

High-throughput proteomic screening has identified MFG-E8, a cell adhesion protein, as a novel signature protein of the aging arterial wall \[[@R18]\]. With aging, levels of arterial MFG-E8 and its degradation fragment, medin, both increase and accumulate within the aorta of rodents, nonhuman primates and humans \[[@R18], [@R82], [@R83]\]. MFG-E8 is induced by Ang II and itself induces the expression of MCP-1 in VSMCs within the old rat aortic wall \[[@R18]\]. Integrins are the primary adhesion receptors and are responsible for conveying information from the ECM to the intracellular pathways in the arterial wall. Increased co-expression and physical interaction of MFG-E8 and integrin αvβ5 occur with aging in both the rat aortic wall in vivo and in VSMC in vitro, facilitating VSMC invasion and proliferation with aging \[[@R18], [@R84]\]. In addition, aging also alters the expression of other integrin αvβ3 and β1, which directly affect the stiffness of VSMCs \[[@R51], [@R85]\]. Thus, increased vascular stiffness is attributable to ECM, VSMCs, and their interaction via integrin signaling.

In the heart {#S21}
------------

MFG-E8 is also a proteomic signaling signature of the aged ventricle, in which electrophysiological and biochemical changes can occur, with the ventricle losing distensibility and impairing diastolic function \[[@R86]\] . These functional and structural changes are associated with activation of the MFG-E8 driven proinflammatory signaling network \[[@R86]\]. In addition, increased MFG-E8 expression in monocytes is closely associated with the development of heart failure \[[@R87]\].

Intergrin protein expression is also altered in the myocardium with aging. Aging increases integrins α1 and α5 as well as integrin-linked kinase \[[@R88], [@R89]\]. This integrin-related signaling is involved in age-associated ECM assembly and cardiac myocyte senescence \[[@R88], [@R89]\]. These findings suggest that the matrix-cell interaction via integrin signaling is altered by aging and facilitates proinflanmmatory remodeling in cardiovascular system.

Interleukin-6 and tissue necrosis factor-α {#S22}
==========================================

Both interleukin-6 (IL-6) and tissue necrosis factor-alpha (TNF-α) cytokines can be downstream of Ang II signaling within the cardiovascular system ([Figure 2](#F2){ref-type="fig"}) \[[@R90]--[@R93]\] and be involved in proinflammatory signaling in the aging cardiovascular system \[[@R61], [@R94]--[@R98]\].

In large arteries {#S23}
-----------------

IL-6 is increased in aged aortae, and secretion of IL-6 from old is greater than from young aortic VSMCs \[[@R94]\]. An age-associated up-regulation of innate immune toll-like receptor \[TLR\] 4 and its signal adaptor, MyD88, are in part, responsible for the age-elevated basal IL-6 response in VSMCs \[[@R94]\]. Both IL-6 and TLR4 are likely involved in proinflammation of arterial aging.

TNF-α is higher in arterial tissue of the old vs young rats and is associated with MMP-2 activation \[[@R61]\]. The age-associated increase in this proinflammatory cytokine is associated with activation of NF-κB in both VSMCs and ECs \[[@R99], [@R100]\] and MMP-2 in VSMCs \[[@R61]\].

In the heart {#S24}
------------

Both IL-6 and TNF-α cytokines are increased in aged myocardium, which is exaggerated in response to inflammatory stress in the absence of IL-10 \[[@R95], [@R96]\]. The age-associated increase in expression of this cytokine promotes myocardial damage and matrix remodeling, including collagen deposition \[[@R95]\]. Interestingly, transgenic mice with cardiac restricted overexpression of TNF develop progressive left ventricle dilation/remodeling from 4 to 12 weeks of age \[[@R96]\]. This remodeling includes the dynamic change of the myofibrillar collagen \[[@R96]\]. Notably, both IL-6 and TNF-α signaling are required for development of the myocardium or healing process \[[@R97], [@R98]\]. IL-6 knockout mice develop ventricular dysfunction with collagen deposition, reduced capillary density and decreased myocyte population \[[@R98]\]. Aging decreases the expression of TNF-α receptor and subsequently impairs TNF-α receptor mediated expression of PDGF-B in microvascular endothelial cells, contributing to a role of cardio-protection \[[@R97]\]. Thus, restoring TNF-α receptor mediated expression of the PDGF-B pathway is a novel strategy for the prevention and treatment of heart disease in the elderly.

SIRT1 {#S25}
=====

The activity of the evolutionary conserved NAD(+)-dependent deacetylase silent mating type information regulation 2 homolog (SIRT1), a longevity gene, declines with age \[[@R35], [@R38], [@R40], [@R101]\]. Importantly, SIRT1 regulates AT1 signaling in the cardiovascular system ([Figure 2](#F2){ref-type="fig"}) \[[@R102]--[@R104]\]

In large arteries {#S26}
-----------------

The expression of SIRT1 decreases with aging within the arterial wall, contributing to arterial dysfunction \[[@R38]\]. In aortic segments isolated from young rats, dysregulation of SIRT1 promotes Nox-dependent production of ROS leading to impaired endothelial function \[[@R40]\]. Thus, impaired activity of SIRT1 in young arteries mimics the vascular aging phenotype \[[@R40]\]. Interestingly, SIRT3, a homolog of SIRT1, deacetylates transcription factor fork-head box O3(FOXO3) and acts to protect mitochondria against age-associated oxidative damage \[[@R105]\]. The caloric restriction (CR) effect to retard aging and increase lifespan in rodents is linked to an elevation of SIRT1 activity \[[@R106], [@R107]\]. Resveratrol, an activator of SIRT1, mimics CR, and improves arterial health in rodents fed a high fat diet \[[@R108], [@R109]\]. A recent study shows that resveratrol prevents high fat/sucrose diet-induced central arterial wall inflammation and stiffening in nonhuman primates \[[@R110]\].

In the heart {#S27}
------------

The activation of SIRT1 attenuates age-dependent induction of left ventricular dysfunction. SIRT1 is expressed predominantly as a sumoylated form in cardiomyocyte nuclei. Cardiac overexpression of desumoylase, sentrin-specific protease 2 (SENP2), significantly reduces nuclear sumoylated SIRT1 levels \[[@R111]\]. Myocardial ischemia/reperfusion stress leads to desumoylation and translocation of nuclear SIRT1 into the cytoplasm in aged but not in young hearts \[[@R111]\]. SIRT1 activity in ischemic young hearts is 3.2-fold higher than that detected in ischemic aged hearts \[[@R111]\]. These findings suggest that aging causes impaired nucleocytoplasmic shuttling and activation of SIRT1 during ischemic stress, impairs cardiac SIRT1 activity, and increases susceptibility of the aged heart to ischemia/reperfusion injury \[[@R111]\]. Furthermore, low (2.5-fold) to moderate (7.5-fold) overexpression of SIRT1 in transgenic mouse hearts attenuated age-dependent increases in cardiac hypertrophy, apoptosis/fibrosis, cardiac dysfunction, and expression of senescence markers \[[@R112]\]. In advanced heart failure, low SIRT1 expression, like aging, is a significant contributing factor to the down-regulation of antioxidants and upregulation of pro-apoptotic molecules through the p53, FOXO1, and oxidative stress pathways\[[@R102]\].

These finding show that SIRT1 plays an important role in cardiovascular aging, which is driven by an augmentation of Ang II signaling.

Micro-RNAs {#S28}
==========

MicroRNAs (miRNAs) have emerged as crucial regulators of Ang II signaling within the cardiovascular system ([Figure 2](#F2){ref-type="fig"}) \[[@R91], [@R113]--[@R115]\].

In large arteries {#S29}
-----------------

miR-146a is highly up-regulated in senescent ECs. Interestingly, a 1,000-fold increased expression of miR-146a in the arterial wall of chronic heart failure patients is significantly correlated with telomere length and telomerase activity \[[@R116]\]. miR-146a is a marker of senescence-associated pro-inflammatory status in vascular cells \[[@R116]\]. In addition the increased expression of miR-29 family members is associated with a profound down-regulation of numerous ECM components, facilitating the formation of aortic aneurysms in aged mice \[[@R113]\]. As expected, ECM remodeling is significantly induced in Ang II-treated aged mice, which is substantially reduced by the blockade of miR-29b signaling \[[@R113]\]. More importantly, miR-29b levels are profoundly increased in biopsies of human thoracic aneurysms \[[@R113]\], which is suppressed by TGF-β in a SMAD3-dependent manner in adventitia fibroblasts, thus triggering a profibrotic effect \[[@R117]\].

In the heart {#S30}
------------

Altered expression of miRNAs in the heart during ageing contributes to the age-dependent decline in cardiac function. miR-34a is increased in the ageing heart and in vivo silencing or genetic deletion of miR-34a reduces age-associated cardiomyocyte cell death \[[@R118]\]. Moreover, miR-34a inhibition reduces cell death and fibrosis following acute myocardial infarction, reduces telomere shortening, DNA damage responses and cardiomyocyte apoptosis, and improves functional recovery after acute myocardial infarction \[[@R118]\]. Further study shows that miR-34a promotes cardiac fibrosis after myocardial infarction dependent SMAD4 signaling \[[@R114]\]. In addition, miR-22 is most prominently up-regulated during cardiac aging. Cardiac expression of its bioinformatically predicted target mimecan (osteoglycin) is gradually decreased with advanced age \[[@R119]\]. Both miR-22 and its target mimecan are co-expressed in cardiac fibroblasts and smooth muscle cells \[[@R119]\]. miR-22 overexpression induces cellular senescence and promotes migratory activity of cardiac fibroblasts\[[@R119]\]. miR-22 upregulation in the aging heart contributed at least partly to accelerated cardiac fibroblast senescence and increased migratory activity and collagen deposition \[[@R119]\]. In addition, changes in miR-21/-29 are involved in age-associated atrial fibrosis and fibrillation in dogs \[[@R120]\]. miR-29 is also involved in ECM secretion by cardiac fibroblasts via TGF-β/SMAD3 signaling \[[@R121]\].

These findings indicate that micro RNAs complexly modulate cardiovascular cell and matrix remodeling at multiple levels during aging.

ETS and NF-kB factors {#S31}
=====================

Both ETSs and NF-kB are inflammatory transcription factors, which are master regulators of important signaling molecules in cardiovascular aging ([Figure 2](#F2){ref-type="fig"}) \[[@R4], [@R90]\].

In large arteries {#S32}
-----------------

Expression of Ets-1 is increased within arterial walls with aging, predominantly located in VSMCs \[[@R60]\]. Ets-1 is a critical factor for Ang II mediated p47phox-associated ROS production and MCP-1 associated arterial inflammation \[[@R90]\]. Infection of VSMCs with an adenovirus harbouring a full-length Ets-1 cDNA increased activities of both TGF-β1 and MCP-1 \[[@R60]\].

Activated NF-κB regulates the activity of MMP-2/-9, calpain-1, MCP-1, TGF-β1, and ROS, which deliver multiple signals to drive proinflammation within the older arterial wall \[[@R4], [@R122]\]. Interestingly, endothelium-restricted inhibition of NF-kB markedly reduced atherosclerotic plaque formation in ApoE−/− mice fed with a cholesterol-rich diet via an abrogation of adhesive molecule induction and blockade of macrophage recruitment as well as reduced expression of cytokines and chemokines \[[@R123]\].

In the heart {#S33}
------------

Ets-2 expression is decreased in the myocardium in long-lived rats \[[@R124]\]. Lower Ets-2 prevents the apoptosis of cardiomyocytes and higher Ets-2 levels are associated with promotion of myocyte death \[[@R124]\]. Thus, Ets-2 abundance leads to loss of cardiomycytes, contributing to longevity variability in rats.

Activity of myocardial NF-kB is increased in old vs. young rats, which is associated with impairment of cardiomyocyte relaxation \[[@R125]\]. Importantly, a direct inhibition of NF-kB effectively prevents cardiac hypertrophy and heart failure with aging \[[@R126]\].

Proinflammatory cellular phenotypic changes during cardiovascular aging {#S34}
=======================================================================

Ang II-associated proinflammatory molecular and cellular mechanisms of cardiovascular aging are depicted in [Figure 2](#F2){ref-type="fig"} \[[@R4]\]. These signaling cascades impact on the phenotype of all cardiovascular cells in an autocrine, paracrine, or juxtacrine manner. ECs, VSMCs, and fibroblasts are dominant cells in the normal arterial wall. With aging, these cells are phenotypically shifted, facilitating endothelial disruption, intimal-medial thickening, elastin fracture, and fibrosis.

Aging increases the vulnerability of ECs. The typical arterial ECs in young animals are generally small and round and have a single small nucleus. Multinucleated ECs with a large cytoplasm, known as multinucleated variant ECs, are increased with age in humans \[[@R127]\] . Additionally, the EC gap junction protein also changes with aging \[[@R128]\]. Plasma membrane fluidity of aged rat ECs is significantly lower than that of young rat ECs \[[@R129]\] . Importantly, long-term stiffening of the cells leads to their decreased survival as observed in disturbed Aldo/sodium homeostasis \[[@R130]\]. The telomere length of ECs obtained from human donors decreases with advancing age \[[@R131]\]. The loss of telomeric DNA in human EC cultures is a function of population doubling, suggesting that as cell turnover increases replicative capability declines \[[@R132]\]. Both miRNA 21 and 34a regulate the expression of p53, p21 and p16, revealing a significant role in EC senescence with aging \[[@R133]--[@R137]\].

With advancing age, VSMCs appear as multiple phenotypes. Many medial VSMCs develop a "synthetic phenotype", characterized by the decreased contractile proteins, α-SMA, SM1 and SM2, and enriched with intermediate filament, desmin and fetal protein SMemb \[[@R15], [@R19], [@R138]\]. Subsets of VSMC within the aged aortic wall have an enhanced proliferation capacity and are indicated by an increased replication rate in old cultured VSMCs compared to young cells \[[@R138], [@R139]\] . In young cultured VSMCs, MFG-E8 triggers phosphorylation of ERK1/2, augments levels of PCNA, CDK4 and PDGF signaling, increases 5-bromo-2\'-deoxyuridine (BrdU) incorporation, and promotes proliferation via αvβ5 integrin signaling \[[@R84]\]. MFG-E8 silencing, integrin inhibition, or the blockade of ERK-1/2 phosphorylation in old cells reduces PCNA and CDK4 levels and decelerates the S phase of the cell cycle, conferring a reduction in proliferative capacity \[[@R84]\]. In vitro studies demonstrate substantial heterogeneity among VSMC phenotypes within the old arterial wall. Indeed, some old VSMCs are likely to enter an irreversible growth arrest called cellular senescence. Senescence-associated β-gal activity in the old rat arterial wall is detected in VSMCs enriched in the cyclin-dependent kinase inhibitor p16 and NOX4, which is likely linked to increase Ang II signaling \[[@R140], [@R141]\]

In addition, the migration/invasion of VSMCs, which is a key cellular event in age-associated diffuse intimal thickening, is induced by proinflammatory molecules \[[@R4], [@R10]\]. The capacity of young VSMC invasion modulated by increased activation of MMP-2, increases up to that of old cells with advancing passage in culture \[[@R15], [@R18], [@R19], [@R63]\]. The number of VSMCs isolated from old animals that invade a basement membrane is significantly greater than that of young VSMCs, and this age difference is abolished by an MMP-2 inhibitor, GM6001 \[[@R63], [@R76]\].

VSMC senescence is also driven by abnormal accumulation of the intracellular protein, prelamin A. With aging, prelamin A accumulates in VSMCs and induces DNA damage, leading to mitotic failure, genomic disruption, mitosis instability, and premature senescence \[[@R142]\] . In addition, a mutation in the prelamin A-processing enzyme, FACE1, leads to the accumulation of permanently farnesylated prelamin A in VSMCs, also causing premature senescence \[[@R143]\]. An age-associated arterial secretory phenotype (AAASP) is characterized in the cytokine secretion profile of primary VSMCs derived from old nonhuman primates \[[@R99], [@R144]\]. Old VSMCs secrete more IL-1β, IL-6, MCP-1, and TNF-α \[[@R99]\]. Interestingly, senescent cells also appear to have a cell-type or cell-strain exclusive senescent phenotype (CESP). One such CESP is the procalcitory phenotype, recently reported in senescent VSMCs \[[@R145]\].

Interestingly, aging increases MMP-2-cleaved elastin and activated TGF-β1/TGF-β receptor type II signaling, contributes to increased production of collagen I, II, III, and the biologic glue, fibronectin, and leads to elastin fragmentation and fibrosis \[[@R146], [@R147]\]. In addition to increases in MMP-2 activity, activation of the intracellular calcium-dependent proteinase, calpain-1, is also involved in TGF-β1 activation and increased collagen production in old VSMCs \[[@R146]\] .

With advancing age or under inflammatory conditions, fibroblasts become activated, synthesize smooth muscle actin and become myofibroblasts ([Figure 2](#F2){ref-type="fig"}). In response to either Ang II or Aldo, fibroblasts trans-differentiate into myofibroblasts with enhanced activation, migration, proliferation, and secretion of osteopontin (OPN) and osetocalcin, contributing to both intimal and adventitial thickening \[[@R148]--[@R151]\].

The cardiomyocytes and nonmyocte fibroblasts are major cell types of the myocardium. The total number of cardiomyocytes is estimated to be one third lower in the old heart than the number of cardiomyocytes at birth \[[@R152]\]. Age increases the signaling of Ang II, ROS, MMPs, TGF-β1, MFG-E8, and miR 34a, and decreases the signaling of SIRT2 and ETS-2 in cardiomyocytes, facilitating the development of hypertrophy, senescence, and apoptosis ([Figure 2](#F2){ref-type="fig"})\[[@R75], [@R152]--[@R156]\]. Furthermore, the number of myocardial fibroblast cells under these proinflammatory stimuli is increased and also activated as myofibroblasts or as inflammatory senescent cells, promoting ECM remodeling and modifications \[[@R73], [@R80], [@R119], [@R121], [@R156]\]. These cellular and extracellular changes are underlying mechanisms of myocardial aging.

Taken together, these cellular phenotypic changes in the heart and arterial vasculature are responsible for the functional phenotype of the aged cardiovascular system.

Concluding Remarks and Future Perspectives {#S35}
==========================================

Aging increases allostatic load, contributing to proinflammatory responses within the cardiovascular system ([Figure 1](#F1){ref-type="fig"}&[2](#F2){ref-type="fig"}). A chronic increase in the production of Ang II-associated inflammatory signals appears to be especially important for age-associated adverse cardiovascular structural and functional remodelling ([Figure 2](#F2){ref-type="fig"}). Proinflammatory signaling in the aged heart and arteries leads to the functional phenotype of a stiffened cardiovascular system and suboptimal ventricular-arterial mechanical coupling ([Figure 1](#F1){ref-type="fig"}). Adverse cardiovascular, cellular and molecular events that mimic the aged phenotype can be produced in experimental young animals under inflammatory stress conditions (e.g. increased Ang II signaling) and can be attenuated in old animals via interference of proinflammatory signals ([Figure 2](#F2){ref-type="fig"}). Thus, early and effective strategies to control age-associated cardiovascular proinflammatory signaling may be potential novel approaches to tackle cardiovascular aging or age-related disease in the future.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

**Conflicts of interest statement**

None declared.

The authors would like to thank Robert E. Monticone for his editorial assistance in preparing this document.

**Funding sources**

AMS is supported by the British Heart Foundation; a Foundation Leducq Transatlantic Network of Excellence Award; and the Department of Health via a National Institute for Health Research (NIHR) Biomedical Research Centre award to Guy's & St Thomas' NHS Foundation Trust in partnership with King's College London and King's College Hospital NHS Foundation Trust. MW is supported by the Intramural Research Program of the National Institute on Aging, National Institutes of Health.

![Impact of proinflammatory signaling on heart and arterial phenotype and ventricular-arterial coupling with advancing age\
Aging increases allostatic load, including Ang II signaling, leading to proinflammation. With aging, adverse remodeling develops in both the heart and large arteries, which is the underlying mechanism of abnormal arterial-ventricular coupling. A mismatched or suboptimal arterial-ventricular mechanical coupling, sometimes known as "coupling disease", is manifest by increases in SBP and left ventricular diastolic dysfunction. Suboptimal arterial-ventricular coupling increases the susceptibility to complications such as heart failure, atherosclerosis and stroke (sometimes termed "de-coupling diseases"), in response to pathologic stimuli such as ischemia.](nihms662258f1){#F1}

![Proinflammatory signaling mechanisms and effect of cellular phenotype during aging\
**Abbreviations and acronyms**: Ang II: angiotensin II; Ets-1/2: the v-ets erythroblastosis virus E26 oncogene homolog 1; MMPs: matrix metalloproteases; MFG-E8: milk fat globule epidermal growth factor-8; MCP-1: monocyte chemo-attractant protein-1; NO: nitric oxide; RAAS: renin angiotensin aldosterone system; SIRT1: silent information regulation 2 homolog 1; TGF-β1: transforming growth factor β1; TNF-α: tumor necrosis factor alpha; IL; interleukin; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells. ECs: endothelial cells; VSMCs: vascular smooth muscle cells; ECM: extracellular matrix](nihms662258f2){#F2}
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